Abstract
Introduction

57
Type III secretion systems (T3SS) are protein nanomachines used by several medically relevant 58 pathogenic Gram-negative bacteria to deliver effector molecules into host cells to subvert 59 multiple cellular processes, leading to diseases such as salmonellosis, bubonic plague or sexually 60 transmitted infections (1,2). The T3SS forms a syringe-shaped macromolecular complex of 61 ~3.5 MDa, whose main elements are a basal body that spans both bacterial membranes and a 62 protruding needle that forms a continuous secretion channel connecting the bacterial and host cell 63 cytoplasms (3-5). The precise assembly and function of the T3SS critically depends on the 64 hierarchical delivery of structural proteins to build the extracellular needle, followed by effector refer to as SpaOC (16, 17) . This short product interacts with the full-length protein in other species 87 and thus could represent an additional structural component of the sorting platform (12, (18) (19) (20) .
88
However, the function of SpaOC in type III secretion is elusive, and how it interacts with the 89 other subunits of the sorting platform is unknown. Moreover, the precise protein composition and 90 spatial molecular organization of the sorting platform, as well its assembly process and 91 mechanism of action in substrate sorting remain uncertain.
92
In this study, we reconstitute and analyze for the first time the soluble assembling units of the 93 Salmonella Typhimurium SPI-1 sorting platform using purified proteins. We observe that SpaOC, 
Results
107
The spaO gene encodes two protein products required for fully active type III secretion.
108
SpaO is a critical component of the S. Typhimurium SPI-1 sorting platform and it has recently 109 been shown that the spaO gene, similar to several of its homologs in other T3SSs, produces both 110 the full-length SpaO protein and a shorter variant that is the result of translation initiation from an 111 internal ribosome binding site (RBS) (17). When we recombinantly expressed C-terminally
112
Strep-tagged spaO and purified the protein by Strep-Tactin affinity purification, we could 113 confirm the production of this smaller protein product SpaOC (Fig. 1A) . Using MALDI MS and
114
Edman sequencing we found that it begins with a methionine, rather than a valine that is encoded 115 at its starting position at codon 203 (Fig. S1 and Table S1 ), supporting the conclusion that it is the 116 product of internal translation initiation.
118
To examine the role of the SpaO isoforms in the infection process of S. Typhimurium, we first 119 created mutants that produce only the full-length or short variant of SpaO by introducing into the 120 chromosome either two stop codons shortly after the spaO start codon (ΔspaOFL) or silent 121 mutations in both the putative RBS and start codon of SpaOC (ΔspaOC) (Fig. 1A) . We tested the 122 ability of these mutants to secrete T3SS substrate proteins into the culture supernatant, which 123 showed that loss of SpaOFL causes complete inhibition of T3SS function similar to that observed 124 for spaO gene knockout mutants (Fig. 1B) . In contrast, abrogation of SpaOC translation resulted 125 in a marked reduction in secretion, which could almost completely be restored by 126 complementation with spaOC. Similarly, while the deletion of SpaO completely abolished the 127 ability of Salmonella to invade host cells, loss of SpaOC resulted in a statistically significant 128 reduction of invasiveness by about 50% compared to the wild type (Fig. 1C) . However, it is 129 possible that the loss of SpaOC in the ΔspaOC mutant is incomplete, because when we expressed 130 and affinity-purified a SpaO variant in which only the start codon of SpaOC was mutated from 131 GTG to GCG (SpaOV203A), small amounts of SpaOC were still co-purified with the full-length 132 SpaO ( Fig. 2A) . MALDI MS of this SpaOC showed the presence of both methionine and alanine 133 in the first amino acid position (Fig. S2 , Table S2 ), indicating that even in the absence of internal 134 translation initiation a SpaOC-like protein can still be produced by an alternative mechanism, 135 probably proteolysis. SpaOV203A in a spaO knockout strain and purified it using Strep-Tactin affinity chromatography.
141
Interestingly, this mutation did not only almost completely abolish the production of soluble 142 SpaOC, but also drastically reduced the levels of soluble full-length SpaOV203A ( Fig. 2A) Subsequent analysis of co-purified SpaO/SpaOC showed that both proteins interact to form 161 predominantly heterotrimers with a stoichiometry of SpaO-2SpaOC ( Fig. 2C and Fig. S3B , Table   162 S4, SASDC78). Notably, no monomeric SpaO was detected in MS measurements, which 163 indicates high binding affinity within the SpaO-2SpaOC complex and further highlights the 164 critical role of SpaOC in SpaO solubility. Excess SpaOC was found to be mainly dimeric,
165
suggesting that it binds to SpaO as a pre-formed dimer. In addition to the predominant SpaO-166 2SpaOC species, we also observed the dimerization of these heterotrimers into 2(SpaO-2SpaOC) 167 heterohexamers, which was independent of both the protein concentrations and the position of the 168 Strep-tag (Fig. 2C, Fig. S3C ). Higher-order oligomers could only be observed when measuring 169 highly concentrated samples that showed unspecific clustering during the ionization process and 170 were therefore considered to be non-specific assemblies. This conclusion is also supported by 171 SEC-MALS, which at a high protein concentration of 140 µM showed no evidence of species 172 larger than the 2(SpaO-2SpaOC) heterohexamer (Fig. S3B) SpaO1-145-2SpaOC complex resembling the SpaO:2SpaOC stoichiometry, while only very low 187 levels of complexes between SpaOC and SpaO140-297 could be detected (Fig. 3A-C, Fig. S4C (Fig. 3C, Fig. S4B species indicate a degree of dynamic association and dissociation of subunits within the system.
253
In addition to the species identified in the presented mass spectrum, occasionally signals in the 254 higher m/z-range were observed, depending on the electrospray conditions (Fig. S6 ). Due to the 255 low resolution and signal intensity, charge states for these peaks could not be unambiguously (Table S3 ). Since this analysis showed the later regions of the elution 268 peak to be a mixture of several molecular species, we only used the largely homogenous first half indicates that SpaO-2SpaOC is located in the shorter leg of the extended L-shape (Fig. 7D) .
276
Unfortunately, due to the complexity of the studied system the generation of a reliable SAXS- suggesting that the SAXS structure is that of a complex with stoichiometry. This apparent discrepancy could be due to uncertainties in the SAXS bead model 293 caused by flexibility of the complex or heterogeneity in the SEC peak region used for SAXS 294 analysis.
296
Because the extended SAXS shape of the SpaO-2SpaOC-2OrgB-InvC complex is reminiscent of 297 the pod densities seen in the in-situ 3D CET map of the Salmonella needle complex (10), we 298 hypothesized that this complex represents the soluble core building block from which the full 299 sorting platform is assembled. To test this hypothesis, we superimposed the ab initio SAXS bead 300 model with the CET map (Fig. 8) , which shows a good correspondence between the two 301 structures and orients the SAXS shape in a way that places SpaO-2SpaOC in the outer pods, InvC 302 in the central hub and 2OrgB in the linker region between the two. This is in good agreement It should, however, be noted that this in silico approach relies on the superposition of two 314 structures of low resolution, both of which are associated with their own errors, posing a limit on 315 the conclusions that can be drawn from it. Therefore, while the good agreement between our 316 SAXS structure and the CET map supports our idea that the SpaO/SpaOC/OrgB/InvC complex 317 represents the soluble core building block of the sorting platform, biochemical studies will be 318 required to show the assembly of these soluble complexes into the complete sorting platform. Salmonella. This raises the possibility that cross-complementation might occur between the 332 Salmonella T3SSs, a hypothesis that could be the subject of future investigations. On the other 333 hand, given that MALDI MS showed that low levels of a SpaOC-like protein were still produced 334 from a spaO variant carrying a mutation in the SpaOC start codon (spaOV203A), it is possible that 335 the incomplete loss of secretion and invasion activity of the ΔspaOC mutant might be due to 336 partial complementation by such a product that appears to be produced by proteolysis even in the 337 absence of internal translation initiation (Fig. 1B, C) . Overall, these data are consistent with the 338 results of previous studies in the Salmonella SPI-1 and SPI-2 systems, as well as Shigella and
339
Yersinia (12, (16) (17) (18) (19) (20) , suggesting that the alternative translation into a full-length protein and a 340 shorter product may represent a widespread strategy among the SctQ proteins of virulence-341 associated T3SSs.
343
The isoform SpaOC forms a homodimer that binds to the full-length SpaO to form SpaO-2SpaOC (Fig. 3C) . Importantly, our newly found stable interaction QuikChange PCR site-directed mutagenesis protocol (Agilent, Santa Clara, CA, USA). All 433 primers used in this study can be found in Table S5 .
435
Salmonella genomic spaO deletion was carried out by homologous recombination using the λ ΔspaOC, ΔspaOFL, spaO-3xFLAG, ΔspaOC-3xFLAG and ΔspaOFL-3xFLAG strains were 440 generated following a similar protocol, introducing a tetracycline cassette into the spaO region as 441 described above. In a second step, the tetracycline cassette was replaced by spaO DNA carrying 442 mutations and colonies were selected on tetracycline-sensitivity selection media (31,32). To ΔspaOFL-3xFLAG strains were grown in LB medium (Luria/Miller) at 37 °C to an OD600 of 1.
454
Total cell lysates were separated by SDS-PAGE and analyzed by western blot using anti-FLAG 
464
Louis, MO, USA) for pASK-IBA vectors and/or 0.5 mM IPTG for pET and pCDFDuet plasmids.
465
Cells were grown further for 18 h and harvested by centrifugation.
467
All purification steps were performed at 4 °C. To purify SpaOC, 468 SpaO1-145/SpaOC, SpaO/SpaOC, SpaO/SpaOC/OrgB/InvC and OrgB/InvC complexes, cell pellets 469 were resuspended in buffer B1 (100 mM Tris pH 7.5, 150 mM NaCl) supplemented with 470 complete EDTA-free protease inhibitor cocktail (Roche), 1 mg/ml lysozyme, 10 μg/ml DNase I 471 and 2 mM 2-mercaptoethanol (2ME). Cell lysis was achieved by French press and lysates were 472 clarified by centrifugation at 48,000 x g for 30 min. The protein complexes were purified by For solubility analysis of sorting platform proteins (Table S6) ClarityMax ECL substrate (Bio-Rad, Hercules, CA, USA).
503
To test the effect of SpaOC on the solubility of mutant SpaO proteins, plasmid constructs (Table   504 S6) were expressed for 3 h at 37 °C in a Salmonella spaO-knockout strain (SL1344ΔspaO). were used for all samples but the SpaO/SpaOC/OrgB complex, which was affinity-purified.
543
Samples were loaded into home-made gold-coated glass capillaries (34), which were mounted 544 into the nano electrospray ionization (ESI) source of a QToF 2 mass spectrometer (Waters,
545
Manchester, UK, and MS Vision, Almere, the Netherlands) adapted for high-mass experiments
546
(35) and operated in positive ion mode. Capillary and cone voltages of 1.3 to 1.5 kV and 110 to 547 150 V were applied, respectively. The source pressure was set in the range of 6 to 10 mbar and 548 argon was used as collision gas at 1.7 to 1.9 x 10 -2 mbar. Acceleration voltages for collision- 
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